aBStract. it is recognized that both community and urban resilience depends on the capacity of built environment to maintain acceptable structural safety levels during and after unforeseeable events, such as earthquakes, as well as to recover their original functionality. investing in disaster risk mitigation policies is a great step towards promoting urban resilience and community preparedness, implicitly limiting damage to the built environment and subsequently reducing human, economic and environmental losses. Portugal is a moderate to high seismic prone area as the latest estimates indicate that within the next 50 years the country could be severely hit by a strong quake similar to the historical 1755 event, which left a trail of destruction and death, mainly in densely populated areas, such as Lisbon. This manuscript aims to mitigate the impact of earthquake damage scenarios on social and economical terms, as well as evaluating the outcome of implementing traditional retrofitting strategies to existing masonry building stock located in urban areas of high seismic risk, using the old city centre of horta, faial island (azores, Portugal), as a case study.
IntroductIon: urBan reSIlIence and eartHquaKe rISK MItIgatIon
The concept of urban resilience is often defined as the ability of exposed communities to sustainably resist, support and recover from the effects of hazards and is directly connected to mitigation, preparedness, disaster, response, recovery and reconstruction disaster risk management phases (Coaffee 2008) . With this work, the authors aim at contributing for infrastructural resilience and seismic risk mitigation of historical city centres' built environment, since they are frequently vulnerable areas, with safeguarding importance. Before embracing our particular focus, one should acknowledge the consequences and impact of natural disasters at a global scale from previous learning experiences, as well as be aware of successful strategies and practices carried out recently all over the world and at a large assessment scale, in terms of communities' resilience. in this sense, risk identification from natural hazards is considered the first step towards reducing their adverse effects. several organisations such as GfDrr (Global facility for Disaster reduction and recovery) are committed on helping governments and communities in vulnerable disaster-prone areas by increasing the perception, awareness and access to comprehensive information about physical and societal exposure to disaster risk (arshad, athar 2013) . This way, governments, communities, and private stakeholders are able to better quantify and predict potential impacts of natural hazards on both society and economy, and also to carry out risk-sensitive decision-making. Moreover, these global knowledge-sharing partnerships usually work together along with governments, civil society and the private sector to create and improve the policies and legislation needed for better land use planning, to drive investment aimed at risk mitigation and acting as a moderator over the often-difficult dialogue between stakeholders (arshad, athar 2013).
as seismic hazard is still ruled by its unpredictability and insusceptibility to be completely eliminated, preparedness and awareness by means of developing and optimising contingency and emergency response plans, are therefore mandatory strategies to save lives and protect communities. Even so, as communities can still be highly exposed to financial shocks, it is necessary the development and implementation of adequate disaster risk financial protection strategies, allowing a quicker and balanced response, improving the resilience of all stakeholders. Education plays a crucial role on this process, as several educational programs have been conducted to promote cooperation and innovation among higher Education institutions to increase society's resilience to disaster of both human and natural origin, as the case of the android academic network. Created in the framework of the android Working Package 7, this working group has focused their research on the vulnerability and resilience in multi-hazard scenarios for the Venice lagoon case study indirli et al. 2014; Knezic et al. 2014; Borg et al. 2014) . The complexity of this case study concerns the probability of occurrence of cross-border multi-hazard disastrous events that possibility may involve other surrounding countries such as slovenia and Croatia. moreover, there are multiple variables involved: population; heritage; environment; industrial facilities; tourism; the lagoon itself, the surrounding islands and the mainland territory.
There are several successful examples of the positive influence of disaster risk management and planning on communities' resilient capacity, as the case of the rhrP (rural housing reconstruction Program) in the aftermath of the october 2005 earthquake in northern Pakistan, which roughly caused 73,000 deaths and more than 2.8 million homeless people (arshad, athar 2013) , the february 2010 Chile (astroza et al. 2012) or the february 2011 Christchurch earthquakes (Mitchelson 2011) . Moreover, the March 2011 GEJE (Great East Japan Earthquake), the first ever recorded mega-disaster comprehending earthquake, tsunami, nuclear power plant accident, power supply failure and large-scale disruption of supply chains, caused 20,000 casualties, over than 130,000 collapsed buildings and 270,000 severely damaged, with a direct economic cost estimated in $210 billion (ranghieri, ishiwatari 2014). although Japan's community preparedness is internationally acclaimed and disaster risk management strategies had been developed and implemented for decades, no one could ever have foreseen this complexity derived from the 9.0 magnitude earthquake cascading effects. in many countries, including Portugal, civil protection bodies are the agencies responsible for the general emergency response plan, which covers all types of hazards (natural and man-made), both before and after an event. So that they can fulfil this task, the agents involved in planning earthquake risk mitigation strategies should be able to define which zones are physically more vulnerable and to prepare logistic and field exercises to simulate situations that may arise in a real earthquake situation (Goula et al. 2006) . However, as discussed by ferreira et al. (2013) , risk management of urban areas is frequently undertaken without the use of a general planning tool. a primary consequence of this situation is that technicians and decision makers (city councils or regional authorities) do not have a global view of the area under analysis, which can seriously commit the effectiveness of future rehabilitation strategies and risk mitigation measures. Several authors have been taking the advantage of these multi-purpose tools on hazard and vulnerability related projects, as those carried out by indirli (2009) for the historical centre of san Giuliano di Puglia (in italy) and the city of Valparaiso (in Chile), or for the Vesuvian region in italy (mazzolani et al. 2009 ). Hence, with this paper, the authors intend to bring attention to this matter, through better understanding the cost-to-benefit balance of seismic retrofitting of old masonry buildings located in historical centres. furthermore, it is expected that the outputs resulting from this work can contribute to clarify the common ideas that there is no need for seismic retrofitting in Portugal and that these interventions are too expensive 2. SeISMIc VulneraBIlIty aSSeSSMent and retrofIttIng SolutIonS 2.1. the case study of the old city centre of Horta, Portugal
The present case study concerns the seismic vulnerability assessment of the city centre of horta, in faial island, azores. This island was severely hit by the July 9, 1998 azores earthquake, leaving a trail of destruction (roughly 70% of the built environment), affecting directly more than 5000 people and causing 8 deaths, 150 injured and 1500 homeless. all data and information collected during the 10-year reconstruction process of faial island (hereinafter designated by faial database), conducted by the society of Promotion for housing and infrastructures rehabilitation (sPrhi), was gathered over an 8-month-length period in 2007 by the regional secretariat for housing and Equipment (srhE) of the faial island, which funded this initiative (neves et al. 2012a ). The quality and uniqueness of this database in both national and international context have encouraged the development of several advanced studies throughout the years. Even though the fully open access provided to the mentioned database collected in the aftermath of the 1998 earthquake, the authors carried out in field surveying work, prospected in the scope of the fCT UrBsis project (assessing Vulnerability and Managing Earthquake risk at the Urban scale), collecting appraisal data in order to understand the evolution and diachronic process resulting from rehabilitation interventions implemented since 1998. although the damage levels observed in the built environment of horta were not as severe as in the remaining parishes of the faial island, classified with a macroseismic intensity I EMS-98 = V/Vi (Zonno et al. 2010) , this urban area was still selected as case study due to its importance in both cultural and architectural heritage context. Moreover, taking into consideration the goal of the present work, the authors based their assessment on the existing building condition at the time of the earthquake that hit faial island in 1998, before likely late comprehensive retrofitting actions ever occurred, hereinafter designated as Br (before retrofitting).
When performing vulnerability assessment of a large number of buildings and over an urban centre or region, the resources and quantity of information to collect and deal with can be enormous and thus the use of more expedite approaches results more adequate and reasonable. methodologies for vulnerability assessment either at the national and urban scale should be based on few parameters, defined through the knowledge of the effects of past earthquakes, which can then be treated statistically (neves et al. 2012b) . The definition and nature of such approach (qualitative and quantitative) naturally limits the formulation of the methodologies and the level at which the evaluation is conducted, from the expedite evaluation of buildings based on visual observation to the most complex numerical modeling of single structures.
Despite several different methodologies have been developed and validated during the last decades, such as the famiVE method (D'ayala, speranza 2002) or the MEdEa procedure (MEdEa 2013) -which the results were compared by indirli et al. (2013) -the seismic vulnerability of the old city centre of Horta was evaluated in this work using the vulnerability index methodology developed by Vicente (2008) on the basis of the italian GndT ii level approach (GndT 1994) . it is worth noting that this methodology has been used in recent years for the seismic vulnerability assessment of several historical urban centres in Portugal (see Vicente et al. 2011; ferreira et al. 2013; Maio et al. 2015) .
similarly to above mentioned past surveying and assessment case studies, the difficulties encountered in accessing the interior of all the buildings and time constraint related issues, led the authors to distinguishing two different assessment levels. Thus, a total of 313 buildings were divided into four different groups based on the detail level of the available information. The first group (detailed assessment), composed of the 50 buildings for which a detailed inspection was undertaken, was evaluated resorting to detailed specific information such as architectural and structural plans, photographic and post-earthquake damage reports, gathered in the faial database, allowing for the full evaluation of the required input parameters of the vulnerability index methodology used. The second group was composed of 142 buildings for which only a non-detailed exterior inspection was available (non-detailed assessment). a third group composed of 93 reinforced concrete buildings was not included in this study as the used vulnerability index methodology is only suitable for masonry building typologies. finally, a fourth group was created to include other 28 non-assessable buildings related to religious or governmental use, and also buildings in pre-ruin or buildings undergoing a retrofitting process. Thus, the outputs of mean vulnerability index values presented further on, were obtained through assembling both detailed and non-detailed assessment groups, hereinafter designated as overall assessment.
The seismic vulnerability index methodology herein applied, classified by Calvi et al. (2006) as an hybrid technique suitable for large-scale assessment of masonry buildings, comprehends the calculation of a vulnerability index score, v I * , for each building as the weighted sum of 14 parameters (in Eq. 1), each one of them evaluating one aspect related to the building's seismic response, distributed into four vulnerability classes (C vi ) of growing vulnerability, from a to D .
subsequently, a weight p i , is assigned to each parameter, ranging from 0.50 for the less important parameters (in terms of structural vulnerability) up to 1.50 for the most important ones. The initial value of v I * , ranging in between 0 and 650, is then normalised to vary in between 0 and 100, designated as v I to further ease of use, namely when estimating the building's damage condition based on different macroseismic intensities (Grünthal 1998) and also in both human and economic loss estimation. according to the Table 1 , these 14 parameters are arranged into four groups to emphasize their differences and relative importance on the global seismic response of the building. according to the previous definition of the Detailed assessment group (first inspection phase), the evaluation of the vulnerability index was made for those buildings to which detailed information was available (50 buildings out of 313). accordingly, a more expeditious approach for the Nondetailed assessment group of the remaining 142 buildings was conducted (second inspection phase), using the mean values obtained from the Detailed analysis of the first group of buildings, assuming the masonry building characteristics homogeneous in this area. starting from this principle, the mean vulnerability index value obtained in the first Detailed evaluation was used as a typological vulnerability index (mean value) that could be affected by modifiers of the mean vulnerability index for each building (ferreira et al. 2013). The classification of these modifiers influenced the final vulnerability index as a sum of the scores for all modifiers. Thus, the vulnerability index of each Non-detailed building, v I , is defined in the following Eq. 2:
where: v I is the mean vulnerability index resulting from the Detailed assessment, and ∑ ∆ v I is the sum of the modifier scores for the attributed class. it is important to note that this strategy is valid only if a reliable Detailed assessment of a large number of buildings in the study area is initially obtained and the strategy is applied to a single building typology (santos et al. 2013) .
The following Eq. (3) shows how the scores of each modifier parameter class was estimated:
where: p i is the weight assigned to parameter i;
p is the sum of parameter's weights; C vi is the modifier factor for a determined vulnerability class and vi C is the mean vulnerability class of parameter i, defined by the Detailed assessment. from the application of the vulnerability index methodology described above to the 50 buildings assessed in a Detailed manner, corresponding to the first inspection phase, a mean value of the seismic vulnerability index, v I , of 26.32 was obtained,
to which was associated a standard deviation 
Application of traditional retrofitting solutions
The protection of the lives of building occupants in the event of an earthquake is the main goal of the retrofit, referred as "life safety" performance in building codes. in many cases the life safety level prescribed by building codes cannot be achieved without major structural intervention and investment. Thus, retrofitting is considered to be unfeasible when the required capital investment exceeds the initial building cost, or when a building is in an advanced degradation state or in pre-ruin. Costs associated with demolition, debris disposal and reconstruction determine the feasibility of each retrofit project. Moreover, legal issues arise when the safety of a building is dependent on adjacent housing units, like in the case of row buildings where several owners share a building, and housing units with different owners have a common wall. retrofitting a single house in row housing has low benefit when adjacent units are seismically deficient (Bothara, Brzev 2011) . although the establishment of retrofit strategies for a specific building depends on socio-economic constraints, a number of technical issues arise, such as: structural system; building materials; quality of construction; building and site conditions; intensity of damage sustained by the building in past earthquakes; and the expected ground shaking in the area. The following strategies have been point out by Bothara and Brzev (2011) as presenting the highest cost-to-benefit ratio in terms of improving the seismic safety of stone masonry buildings: i) enhancing integrity of the entire building by ensuring the box-like seismic behaviour; ii) enhancing the wall strength for in-plane and out-of-plane effects of seismic loads; improving floor and roof diaphragm action; and finally, iii) the strengthening of the existing foundation, which strategy is not considered practical and economically feasible in most cases.
as massive demolition and replacement of this vulnerable building typology seems neither affordable nor feasible due to historical, cultural, social and economic constraints, this section presents the retrofitting strategies adopted in this study, which are based on the reconstruction methodology defined shortly after the 1998 earthquake by the regional government of azores, aiming to enhance the seismic performance, and thus the vulnerability of existing stone masonry buildings, through retrofitting solutions that comply with the mentioned constraints. Bearing in mind the exposed, six retrofitting solutions of increasing intrusiveness and cost (from S1 to S6), grouped into three cumulative retrofitting packages (from rP1 to rP3), were herein addressed (see Table 2 ).
These solutions were adopted in the aftermath of the 1980 and 1998 azores earthquakes by different design offices based on the design recommendations specially prepared for the faial rehabilitation process (Cansado et al. 1998) , developed by the Civil Engineering regional Laboratory of azores (LrEC) in partnership with several experienced technicians in this field (oliveira et al. 1990; Costa et al. 2008) . The costs associated to each package (presented in Table 2 ) were defined by Costa et al. (2008) from a sample of 40 structural design projects that undergone a thorough Wall-to-roof connection improvement through tie-rods rP2 = rP1 + S5 S5 Wall-to-roof connection improvement through concrete strapping beam 100 rP3 = rP2 + S6 S6 stone masonry consolidation through reinforced plasters 230
analysis process. as the adopted strategy pursues the cumulative implementation of retrofitting solutions and the authors have considered this set of retrofitting solutions effective on enhancing the box-like behaviour of stone masonry buildings, resorting to low-to-moderate intrusiveness and estimated costs, the following solutions s1 to s4 were grouped in rP1 package (shown in figs 1 and 2) . The retrofitting of wall-to-wall connections by means of effectively tying walls together with steel tie-rods, addressed in the retrofitting solution S1, is an ancient provision to enhance the building integrity, seen as a crucial requirement for survival during an earthquake, which has been used for many centuries in mediterranean European countries, such as italy. With diameters ranging normally from 16 to 20 mm (Bothara, Brzev 2011) , these threaded steel tie-rods are installed horizontally beneath floors (S1) or roofs (S4) on both sides of the wall, and are restrained at the ends by steel anchor plates, as depicted in figure 1 (a), adapted from Cansado et al. (1998), d'ayala and Speranza (2002) . This solution is not only effective in increasing the stiffness of flexible floor diaphragms but also in enhancing the connections with exterior load-bearing walls and frontal walls.
moreover, through the assessment of the stone masonry building stock under study, the authors have confirmed the predominance of flexible timber floors, many of which besides aging have been deteriorated over time. furthermore replacing all deteriorated structural timber elements of floors diaphragms by new parts adequately connected, restoring their original resistant capacity, the solution adopted in this study for retrofitting of floor connections (S2), joins two different stiffening provisions: the installation of 75 mm thick diagonal wood braces at the floor level between principal timber beams, anchored with φ10 galvanized steel threaded rods of and 3 mm thick galvanized steel angle brackets, and a new layer of timber planks, laid perpendicular to the existing planks and adequately nailed to the floor as shown in figure 1 (b) .
The retrofitting of wall-to-floor connections solution (S3) was enhanced by introducing 3 mm thick full-length steel angle brackets adequately anchored to walls through steel connectors and anchor plates, as depicted in figure 2 (a) , complementing the previous solution S2. finally, figure  2 (b) illustrates the retrofitting of wall-to-roof connections solution (s4), ensured by applying the same technique as in solution s1 but at the roof level, by introducing steel tie-rods underneath the ceiling joists, to sustain horizontal thrusts in the event of an earthquake.
The retrofitting package rP2 adds the retrofitting solution S5 to the previous package rP1, comprehending the introduction of a reinforced concrete strapping beam (with 4 φ10 longitudinal steel bars and φ6//.20 stirrups) at the top of stone masonry walls, executed along the whole perimeter of the building, enhancing the connection between roof and load-bearing stone masonry, see figure  3 (a). in the same figure it is also illustrated a strengthening detail of the connection between the roof and gable masonry walls.
retrofitting package rP3 comprises retrofitting solution S6, presented in figure 3 (b) , which involves the shear strengthening and confinement of masonry structural walls by the implementation of reinforced render, as specified in Costa (2002) . Thus, after application of a first layer of (a) retrofitting solution S1
(b) retrofitting solution S2 fig. 1 . details of retrofitting solutions S1 (a) and S2 (b) of package rP1, adapted from Costa (2006) filling mortar in the proportion of 1:3 (local sand extracted from Fajã Beach: Portland cement: water) for voids and surface regularisation, a 0.5 mm thick welded steel mesh made of fe430 steel and 10 cm spaced ribs, is then fixed on both sides of the masonry wall through a system composed of M20 galvanized screws, φ20 galvanized steel threaded rods and 4 mm thick anchor plates (20×20 mm), spaced of 150 cm. finally, a 3 cm thick second layer of fine sand-blasted finishing mortar is applied for finishing (Costa 2002) .
coMParatIVe analySIS

Seismic vulnerability assessment
following the previous section wherein the retrofitting solutions and packages were presented, the current section begins by explaining how exactly these retrofitting solutions were accounted on the seismic vulnerability index methodology herein used. according to the following Table 3 , each retrofitting solution has directly contributed to the gradual enhancement of the vulnerability index value v I , by upgrading the vulnerability classes C vi , of parameters P1, P2, P3, P11, P12 and P13. it is important to refer that these solutions were cumulatively implemented, from S1 to S6. With the exception of retrofitting solutions S4 and S6 that do not define directly the vulnerability class upgrade, the remaining vulnerability classes presented in Table 3 were directly attributed to all the evaluated buildings. While retrofitting solution S4 the enhancement was simply guaranteed by improving in one class the original vulnerability class C vi of parameter P12, the explanation concerning retrofitting solution S6, influencing over parameter P3, requires deeper attention. acknowledging the fact that in an urban context, as in the present case study, the observed masonry typology and fabric is quite distinct than in rural areas and in order to estimate reliable values for the stone masonry buildings within the city centre of horta, the authors have matched the masonry typological classification argued by Costa (2002) with the italian Seismic Code (dM 2008) classification and corresponding mechanical properties of those masonry typologies. Through observing the available information collected in the aftermath of the 1998 earthquake, it was possible to clearly differentiate two masonry typologies: i) Type m1, masonry walls of good quality, built with regular size stones, which is described in nTC 2008 (dM 2008) as "Masonry in squared stony blocks" and is commonly observed in the noblest and most magnificent azorean buildings; and ii) Type M3, masonry walls of irregular stones interconnected using smaller fragments of stone or clay to fill in the small voids and to ensure adequate strength, described in nTC 2008 (dM 2008) as "Masonry in disorganized (irregular) stones typology". accordingly, for masonry Type m1, the values adopted for the mechanical properties of the material are based on the corresponding lower limit of nTC 2008 guidelines (dM 2008), which are in line with those adopted in past research works carried out within the same urban area of the city of horta (neves et al. 2012b; Cunha 2013) . for masonry Type M3, the value considered was obtained from the experimental work developed by Costa et al. (2012) . Thus, by introducing retrofitting solution S6 (of rP3), ultimate shear strength value 0 τ , required to estimate the conventional strength in parameter P3, were enhanced in about 60% and 110% for the masonry typology M1 and M3, respectively. as mentioned in Section 2.1, the seismic vulnerability index mean value, v OA I , of 26.55 was obtained for the Br building stock condition, reflecting the good general quality of these buildings within the current urban environment, namely features regarding building's geometry and global alignments, as in P4, P5, P7, P8, P9 and P10.
The application of the same vulnerability index methodology considering the retrofitting package rP1, led to a reduction of the seismic vulnerability index mean value, v OA I
, of roughly 18.9%. Moreover, introducing the retrofitting package rP2, this reduction slightly increased to 23.1%, again when compared to the Br vulnerability index mean value. finally, by considering the retrofitting package rP3 (which includes the previous packages rP1 and rP2), the seismic vulnerability index mean value was reduced in 51.7%. The results in terms of seismic vulnerability index values are summarised in the following Table 4 , as well as the attained reduction of v OA I for each retrofitting package (rP i ) with respect to the original building condition (Br). 1958, 1980 and 1998. among the several methods described in the literature for estimating losses in function of the probability of occurrence of a certain damage grade, this task was herein carried out through the construction of damage scenarios based on global probabilistic distributions, using the seismic vulnerability index values, v I , obtained to the different above-mentioned building conditions (Br, rP1, rP2 and rP3). The damage estimation models are inevitably dependent on the physical damage grades, including the definition of correlations between the probability of exceeding a certain level of damage and the probability of different loss phenomena (such as the probability of collapsing or becoming unusable due to the lack of structural safety conditions, the probability of death and severely injured, etc.). Thus, and based on the previously discussed seismic vulnerability assessment outputs, mean damage grades, µ D , 
where: I is the macroseismic intensity in accordance to the European Macroseismic Scale (EMS-98); V is the vulnerability index used in the macroseismic methodology, which can be related to the vulnerability index value v I , through Eq. (5); and Q, which is a ductility factor that describes the ductility of the constructive typology under study (ranging from 1 to 4). in order to provide the best fit between the GndT curves and the EMS-98 functions, a ductility factor, Q, of 3.0 was adopted in this work (see Vicente et al. 2011; ferreira et al. 2013) .
Globally, the estimated damage for the original building condition (Br) ranged from 2.49 to 3.69 and 3.30 to 4.23 for earthquake scenarios corresponding to I EMS-98 = iX and I EMS-98 = X, respectively. When the retrofitting Package rP3 is applied to the building stock of Horta, the values obtained for the mean damage grade decrease substantially, ranging between 2.30 and 2.88 and from 3.12 to 3.63 (minimum and maximum) for macroseismic intensities of I EMS-98 = iX and I EMS-98 = X, respectively. in this sense it is pertinent to note that according to some authors (Pagnini et al. 2011; Vicente et al. 2011; ferreira et al. 2013) , buildings with a vulnerability index higher than 45, i.e. building for which severe damages ( 3 4 ≤ µ ≤ D ) and potential local collapse ( 4 µ > D ) are expected, should be subjected to a further assessment resorting to a more detailed approach.
The loss estimation model adopted in this research is based on damage grades that relate the probability of exceeding a certain damage level with the probability of collapse and functional loss. supported on observed damage data, the approach herein applied has been proposed by Servizio Sísmico Nazionale (SSn) based on the work of Bramerini et al. (1995) . This approach involves the analysis of data associated with the probability of buildings to be deemed unusable after minor and moderate seismic action. as referred in maio et al. (2015) , although such events produce lower levels of structural and non-structural damage, higher mean damage grade values are associated with a higher probability of building collapse. The probabilities of exceeding a certain damage grade are used in the loss estimation and are affected by multiplier factors, which range from 0 to 1 according to different proposals. in italy, data processing undertaken by Bramerini et al. (1995) has enabled the establishment of these weighted factors and respective expressions for their use in the estimation of building losses.
The following Eq. (6) and (7) were used for the determination of collapsed and unusable buildings:
( ) ( )
where: figure 4 presents the probability of building collapse and unusable buildings for the four building conditions studied in this work (Br, rP1, rP2 and rP3).
Moreover, Table 5 summarizes the overall results in terms of collapsed and unusable buildings, obtained for those building conditions by considering macroseismic intensities in the range of I EMS-98 = Viii to I EMS-98 = Xii.
as in the previous case, a proposal of the servizio sismico nazionalle (Bramerini et al. 1995) was used to estimate the casualties (deaths and severely injured) and homeless rates. regarding the deaths and severely injured rate, it is defined as being 30% of the inhabitants living in collapsed and unusable buildings. in this case, the survivors assumed to require short-term shelters. Casualties and homeless rates were determined using Eq. (8) and (9), respectively. 
Using the same presentation scheme, figure 5 presents the probability of casualties and homeless in addition, the global frequencies computed from these two probabilistic outputs are given in Table 6 , from which it is worth emphasizing the significant decrease of the homeless attained through the application of the retrofitting package solutions. as an example, a decrease of about 15% was observed in the number of homeless people (from 841 to 603 out of 1596 inhabitants) for an intensity I EMS-98 = X.
The earthquake that occurred in 2009 in the italian city of L'aquila caused about 300 deaths and rendered 40,000 homeless. This example should provide to other countries an important lesson about strategies that disbelieve the community engagement in post-disaster decision-making (Liel et al. 2013) . Therefore, it is suggested that both communities and governments should put more emphasis on planning for post-disaster, valuing the community engagement and decision-making, especially planning for emergency response.
economic loss
in this section, the behavioral influence of the retrofitting packages is analyzed, not only over the estimation of the seismic vulnerability index associated to each, but also how these actions contribute to mitigate the earthquake risk in general. as addressed by Benedetti and Petrini (1984) , the mean damage grade, discussed in Section 3.2, can be interpreted either economically or by means of an economic damage index representing the ratio between repair and replacement costs (i.e. building value). The correlation between damage grades and these repair and replacement costs was proposed by Dolce et al. (2006) by processing and analysing postearthquake damage data collected after the Umbria-Marche (1997) and Pollino (1998) earthquakes (Dolce et al. 2006) , using the GndT-SSn procedure (GndT 1994) . from that extensive amount of data, these authors obtained statistical values based on the estimated cost of typical replacement actions applied to more than 50,000 buildings.
Thus, and according to Vicente (2008) , the repair cost probabilities for a certain seismic event characterized by an intensity I, P [R|I] , can be obtained from the product of the conditional probability of the repair cost for each damage level, P[R|D k ], with the conditional probability of the damage condition for each level of building vulnerability and seismic intensity, P[D k |I v ,I], given by Eq. (10):
To estimate the replacement costs associated with the different building conditions, an average cost value of 700 €/m 2 was considered for the building stock within the historical centre of the city of horta, value that was in line with the one estimated by Dolce et al. (2006) from the reconstruction process undertaken in the aftermath of the irpinia earthquake. Moreover, to account for built and cultural heritage issues, whereas the implementation of traditional building techniques and materials can be slightly more expensive than current solutions, this average cost value per unit area was considered 1000 €/m 2 for the Br building condition. it is worth noting that this value was already suggested in the past by Vicente et al. (2011) for the old city centre of Coimbra, Portugal.
Based on these probabilistic values it is then possible to estimate the global replacement costs for the entire study area (192 buildings) and to obtain the economic balance computed for each one of the three retrofitting packages, in relation do the Br buildings condition. This output is presented in figure 6 for macroseismic intensities ranging between I EMS-98 = V and Xii and shown Table 7 shows in the form of global savings associated to such economic balance. moreover, the mean periods of inactivity referred by nunes (2008) for the archipelago of azores (i.e. the mean amount of time elapsed between two earthquakes of intensities V < I EMS-98 < Viii and I EMS-98 ≥ Viii), are also presented in figure 6 so that the economic viability of the retrofitting packages analysed in this work can be easily analysed. from the analysis of figure 6, it is easy to conclude that the three retrofitting packages proved to be cost effective for macroseismic intensities equal or higher than I EMS-98 = iX. notwithstanding this fact, for intensities of I EMS-98 = Vii and Vii respectively, which are already within the mean period of inactivity of 12 years, global savings of about 1.08 and 5.85 million euros (M€) can be obtained with the application of rP1 to the 192 buildings of the old building stock of Horta (see Table 7 ).
as would be expected, the global savings obtained from the application of the herein analysed retrofitting packages are more expressive for the higher macroseismic intensities, as the reduction on the relative level of damage suffered by the buildings is more important for these intensities, and from a strictly economic point of view rP1 proved to be the most cost effective retrofitting package with global saving of around 20 million euros. However, it is important to note that these outputs must be seen and analysed along with the already discussed damage scenarios and loss estimation results, since although for some intensities retrofitting packages rP2 and rP3 could lead to lower economic savings but to a significant decrease in terms of human losses. as an example, considering the retrofitting package rP2, which has an estimated cost of 100 €/m 2 , i.e. about 14% of the mean replacement cost, reductions of about 0.9%, 6.5%, 3.0% and 4.5% were obtained respectively in the ratios of deaths and severely injured, homeless, collapsed and unusable buildings, for a macroseismic intensity of I EMS-98 = X. repeating this exercise for the most expensive and complete retrofitting package, rP3, its costs represent about 33% of the mean replacement cost, but its implementation leads to a reduction of 51.7% over the mean vulnerability index value, which, in terms of loss estimation for a macroseismic intensity of I EMS-98 = X, represents a decrease of 1.6%, 14.9%, 5.0% and 11.5% in terms of the respective ratios of deaths and severely injured, homeless and collapsed and unusable buildings.
concluSIonS
The broad conclusions and recommendations from the exposed work converge towards the enhancement in terms of public awareness and perception, education, training and research concerning the seismic risk mitigation. ideally, the strategy to mitigate seismic risk should address land use zoning (reducing exposure), planning and of adequate strengthening campaigns and the implementation of seismic building codes suitable both for new and existing structures (reducing the seismic vulnerability of the built environment). moreover, with an appropriate and assertive policies, financial and institutional supports at both national and local levels it is possible to carry this strategy into a workable action plan.
as expected, in terms of damage and loss estimation, the results achieved for the case study of horta's historical centre were found, not as impressive as in other potential case studies (e.g. historical centre of faro city), due to the large influence of the vulnerability index over the loss estimation formulations and to the low range of the obtained vulnerability index values of the evaluated building stock, estimated through the application of the seismic vulnerability index methodology. Despite the simplifications inherent to the methodology itself, these results were well adjusted to the slight damage levels observed in the city of horta, in the aftermath of the 1998 azores earthquake. With respect to the considered retrofitting solutions, their implementation led in general, to a reasonable improvement of the building stock global seismic behaviour, namely in terms of the vulnerability index values, reflecting with great accuracy its known influence over the shear strength capacity, ductility and on the improvement of the so-called box-behaviour. However, from loss estimation results, the enhancement observed by implementing these retrofitting packages could have been more expressive if the building stock seismic vulnerability was higher, therefore implicating higher vulnerability index values.
from the loss estimation results related to collapsed and unusable building rates obtained to the maximum observed macroseismic intensities in faial of I EMS-98 = iX and X, it is relevant to point out, on the one hand, an extremely low rate of collapsed buildings, and on the other hand, the significant rate of unusable buildings expected in the event of an earthquake within this range of intensities. With respect to human loss estimation, several factors have contributed to the low numbers attained when compared to the total number of inhabitants estimated for the case study area, among them the pronounced seasonality, low population density and again the low range of vulnerability index values obtained to this particular building stock. nonetheless, the number of homeless population has resulted quite expressive, naturally following to some extent the trend observed of the rate of unusable buildings. finally regarding economic losses, it is worth highlighting here that the three analysed retrofitting packages proved to be cost-effective for the highest macroseismic intensities, i.e., from I EMS-98 = iX to Xii, presenting maximum global savings of about 20.10 million euros. moreover, for moderate to high macroseismic intensities (I EMS-98 = Vii and Viii), very interesting savings of about 5.85 and 1.20 million euros were obtained with the application of the retrofitting packages rP1 and rP2, respectively.
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